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ABSTRACT
Gallbladder disease is one of the most spread pathologies in the world. Despite the number of
operations dealing with biliary surgery increases, the number of postoperative complications is
also high. The aim of this study is to show the influence of the biliary system pathology on bile
flow character and to numerically assess the effect of surgical operation (cholecystectomy) on
the fluid dynamics in the extrahepatic biliary tree, and also to reveal the difference between 1-
way and 2-way FSI algorithms on the results. Moreover, the bile viscosity and biliary tree geom-
etry influence on the choledynamics were evaluated. Bile velocity, pressure, wall shear stress
(WSS), displacements and von Mises stress distributions in the extrahepatic biliary tree are pre-
sented, and comparison is made between a healthy and a lithogenic bile. The patient-specific
biliary tree model is created using magnetic resonance imaging (MRI) and imported in a com-
mercial finite element analysis software. It is found that in the case of lithogenic bile, velocities
have lower magnitude while pressures are higher. Furthermore, stress analysis of the bile ducts
shows that the WSS distribution is found mostly prevailing in the common hepatic duct and
common bile duct areas. It is shown that when it is necessary to evaluate the bile flow dynam-
ics in urgent medical situations, 1-way analysis is acceptable. Nevertheless, 2-way FSI provides
more accurate data, if necessary to evaluate the stress–strain state of bile ducts. The proposed
model can be applied to medical practice to reduce the number of post-operative
complications.
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1. Introduction

The process of gallstone formation is referred to gall-
bladder disease (Diehl 1991; Stinton and Shaffer
2012). Gallstones develop when substances in the bile
(such as cholesterol, bilirubin and bile salts) form
hard particles that block the passageway to the gall-
bladder (Diehl 1991). It means that bile changes its
structural and rheological properties, which in this
case is called ‘lithogenic bile’ (i.e. a bile that tends to
generate gallstones). Also, gallstones, which can be as
large as a golf ball (Mohan et al. 2014), tend to form
when the gallbladder does not empty completely.

Gallstones affect 10% to 15% of the adult popula-
tion in the United States (Stinton and Shaffer 2012)
and the United Kingdom (Luo et al. 2007), respect-
ively, and 12–20% in Russia (Marakhovskiy 2003).
The presence of gallstones may lead to different

complications starting from bile duct inflammation to
lethal cases such as gallbladder cancer (Opie 1901;
Portincasa et al. 2006). Biomechanical and choledy-
namic factors (including bile flow dynamics, gallblad-
der and ducts contraction, pressure gradients’ shift
due to pathology) have crucial influence on gallstones
formation (Luo et al. 2007). It is known that pro-
longed bile stasis in the gallbladder due to the bio-
mechanical factors mentioned above can lead to
gallstone formation along with the metabolic
liver disorders.

The two major types of gallstones are (1) choles-
terol stones, associated with cholesterol supersatur-
ation in the bile, and (2) pigment stones (subdivided
into brown and black types), associated with result
from conditions in which unconjugated bilirubin lev-
els are elevated.
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Other risk factors for gallstone formation are
female gender (gallstones are twice as common in
women compared with men), obesity, estrogen sup-
plementation, multiparous state, advancing age,
hyperlipidemia, inborn disorders of bile metabolism,
and family history of gallstones (Kay Washington
2009).Cholecystectomy is the most commonly per-
formed abdominal operation for the treatment of
patients suffering from gallbladder disease in Western
countries (Ooi et al. 2004). Nevertheless, the oper-
ation outcome is not always positive (Kuchumov et
al. 2011; Mohan et al. 2014) including bile duct
injury; injuries to the intestine, bowel and blood ves-
sels; bile leakage; deep vein thrombosis (Khan et al.
2007). Serious complications result in part from
patient state, surgical inexperience, and the technical
constraints.

Moreover, a surgeon can not predict a change of
body functional recovery (the daily bile flow rate,
pressure in the biliary system segments, wall shear
stress, etc.) in the post-operational period. In order to
understand the causes of diseases, it is important to
carry out the physiological and mechanical descrip-
tion of the human biliary system behaviour.

Computational simulations, which would account
for the dynamic interaction between the choledynam-
ics and wall deformation, are known as fluid–struc-
ture interaction (FSI) simulations, providing realistic
results to obtain relevant choledynamic factors.
Numerical and analytical CFD models applied to bile
flow study have been proposed by several research
groups (Ooi et al. 2004; Li et al. 2007; Li et al. 2008a;
Maiti and Misra 2011; Agarwal et al. 2012a;
Kuchumov et al. 2013a, 2014; Lo et al. 2015; Agarwal
and Singh 2016).

Ooi et al. (2004) proposed two-dimensional and
three-dimensional computational models of the bile
flow in the cystic duct considered as a channel with
baffles. It was found that the most significant geomet-
ric factors that regulate the hydraulic resistance of the
cystic duct are the height and number of baffles.

Agarwal et al. (2012a) developed a mathematical
model of the flow of bile as a Herschel – Bulkley fluid
in the stenosed channel. Changes in a flow resistance
with stone dimensions and shear stresses
were presented.

Further, Li et al. (2007) proposed an analytical
model of the flow of bile in the biliary tree as a T-
shaped tube with rigid and flexible walls. After
that, these authors proposed a model of the bile
flow as a Newtonian and non-Newtonian fluid in
the three-dimensional geometry of the cystic duct,

taking into account the fluid–structure interaction
(Li et al. 2008a).

Maiti and Misra (2011) presented a model of peri-
staltic transport in the common bile duct with stones
as a porous channel for studying the influence of vari-
ous factors on reflux. In the presence of gallstones, it
has been found that the rate of bile increases with an
increase in the porosity parameter, while the critical
pressure for reflux decreases with increasing porosity.

Lo et al. (2015) presented a model including cystic
duct model, Poiseuille–Hagen law law and round jet
along with optical flow system to study bile reflux.
Using this method, physicians may estimate the quan-
tity of bile reflux and observe bile flow to determine
whether or not it moves into the stomach.

Kuchumov et al. (2013a) proposed a model of bile
flow in the channel with a stone. As a result of solv-
ing the problem, the bile velocity profile, flow rate vs.
time, and bile pressure vs. calculus radius were
obtained. The dependences obtained may play an
important role in the assessment of an indication
to operation.

It should be noted that in the majority of works, the
models of bile flow in separate segments were consid-
ered only and the entire model of the flow in the biliary
system was not taken into account. Also, they did not
take into account a patient-specific geometry of bile
ducts and their compliance, influence of the gallbladder
and peristalsis of the major duodenal papilla.

Also, researchers have investigated bile flow in dif-
ferent ducts by taking into account the peristaltic wave
propagation, which plays an important role in fluid
transport (Kuchumov et al. 2015; Kuchumov 2016).

A thorough review of current publications in this
field reveals that bile flow has been mostly investi-
gated in separate ducts of the biliary system. Some
attempts to make patient-specific models of cystic
ducts (e.g. Al-Atabi et al. 2012) and the entire biliary
system (e.g. (Kuchumov et al. 2013b; Kuchumov
2019) and (Bhuvana and Anburajan 2013) have been
made. So far, however, there has been no attempt to
create a patient-specific model of bile flow and per-
form FSI simulations.

Recently, fluid-structure interaction analysis has
utilized as a tool that combines CFD analysis with
stress-strain state evaluation to evaluate the influence
of fluid flow to the surrounding vessels and tissues,
and vice versa. FSI has a rapidly growing potential
compared to CFD analysis in biomedical engineering.
A numerous studies were performed to reveal the
mechanical behaviour of blood vessels (Jahanzamin et
al. 2019; Oliveira et al. 2019; Qiao et al. 2019; Xu et

1694 A. G. KUCHUMOV ET AL.



Figure 1. Biliary system scheme (I) and geometries of 4 patients: (a) healthy state biliary system, (b) model without cystic ducts
(cholecystectomy case), (c) stone presence in the cystic duct (II).
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al. 2020). These studies demonstrate the necessity for
advanced numerical and mathematical patient-specific
models at the healthy state and pathology. FSI
assumes two approaches: one-way FSI and two-
way FSI.

A one-way FSI (also called one-direction FSI)
assumes that results from the fluid model are trans-
ferred to the solid model only once as an external
load (Ahamed et al. 2017). But in the case of two-way
FSI, the load mapping is performed in an iterative
loop, that is, the results (e.g. pressure) of the fluid
model are transferred to the solid model and the
results (e.g. deformations) of the solid model are, in
turn, transferred back to the fluid model to influence
the behaviour of the fluid part. This iterative process
will continue until convergence is found or the pro-
cess is manually stopped (Ezkurra et al. 2018).

Comparison between 1-way and 2-way FSI
approaches is still a challenging task. On the one
hand, 1-way FSI utilization can be a good comprom-
ise that provides more realistic loading conditions for
patient-specific biofluid analysis and clinical applica-
tions, where time analysis plays a crucial role (Tao et
al. 2015). On the other hand, two-way FSI is more
accurate and can bring results that are more accurate.
A proper choose of the approach for the current bio-
medical problem can significantly reduce the compu-
tational costs and provide accurate results with
minimal implementation effort.

The aim of the present paper is to develop a com-
putational approach to model a patient-specific bile
flow using an FSI model for the following four cases:

� a: healthy bile flow considered as Newtonian fluid;
� b: lithogenic bile considered as non-Newtonian

Carreau fluid;
� c: lithogenic bile flow in the biliary tree after

cholecystectomy;
� d: lithogenic bile flow in the biliary tree in case of

a stone in the cystic duct.

Also, we perform the comparison between 1-way
and 2-way FSI algorithms to show, which approach is
more effective for the clinical practice from reliability
and usefulness point of view.

2. Materials and methods

2.1. Patient models

Geometric models of 4 patients were obtained by
processing CT scans (Figure 1). The images were
imported into ITK-SNAP software (ITK-Snap, USA).

After that, the biliary system segmentation was per-
formed. Then, each geometry model was processed in
the ANSYS SPACECLAIM package (ANSYS, Inc.,
Canonsburg, Pennsylvania, USA). These geometries
are referred to as ‘healthy’; the same geometry was
also used for modelling of lithogenic bile flow.
Additional modeling was performed to obtain chole-
cystectomy models and models with stone presence
(local narrowing of biliary ducts).

2.2. Meshing

Fluid and solid domains weremeshed using ANSYS ICEM
19.0 (ANSYS, Inc., Canonsburg, Pennsylvania, USA).

The convergence of the numerical solution is ana-
lysed for the case of normal bile flow. The chosen
convergence parameters were momentum and mass.
Several variants of the finite element mesh were con-
sidered during the convergence analysis. The infor-
mation related to the mesh is presented in Table 1.
The minimum size of the element either for solid or
for fluid mesh was calculated from the smallest over-
all size of the structure. The mesh refinement was
made on the bifurcation site and different ducts of
the biliary tree. The convergence analysis enabled
choosing the optimal mesh element size. While all
the meshes led to the converged solution since the
difference in results of the computations (where the
maximum velocity was chosen as a monitor in case
of fluid flow, pressure, and wall shear stress and wall
displacement and von Mises stress for the solid
domain, respectively) were negligible in the case of
mesh 3 and mesh 4 (less than 2%). A mesh conver-
gence study was performed to ensure that the uncer-
tainty associated with spatial discretization is not
significant. It took more time to simulate the latter
mesh, but the differences in the results were negli-
gible, thus it can be concluded that results are inde-
pendent of the mesh. Comparison between solid and
fluid meshes is presented in Figure 2(c). Figure
2(d–f) consists the data for velocity, pressure, wall
shear stress values depending on the mesh
elements.Finally, mesh 3 was chosen for subsequent
analysis. Thus, fluid and solid meshes consisted of
1,297,023 and 209,946 elements, respectively, and
were used for the final computations (Figure 2(a,b)).

The optimal fluid mesh was a five-layer mesh with
the thickness of the first layer 0.2mm, the growth

Table 1. The meshes used for the mesh independency tests.
Domains Mesh 1 Mesh 2 Mesh 3 Mesh 4

Fluid 511,765 872,383 1,297,023 1,568,128
Solid 60,274 79,018 209,946 315,645
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ratio of each layer 1.3. The inflation layer meshing
provides a more accurate resolution of the boundary
layer. For certain simulations such as flows with
strong wall-bounded effects, this resolution is

absolutely necessary. The minimal size of the mesh
was 0.3mm.

The solid mesh was mapped with tetrahedral elem-
ent sizes of 0.4mm.

Figure 2. Meshes: (a) solid mesh; (b) fluid mesh; (c) comparison between solid and fluid mesh at inlet 2; mesh independency test
results in four different densities of meshes: (d) pressure, (e) velocity, (f) wall shear stress.
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One-way and two-way FSI simulations were per-
formed using ANSYS Workbench 19.0 (ANSYS, Inc.,
Canonsburg, Pennsylvania, USA).

2.3. Material properties

2.3.1. Mechanical properties of bile duct
The nonlinear response of the bile duct tissue
obtained experimentally was detected, and the two-
parametric Mooney–Rivlin constitutive model, which
is common for soft tissue modelling, was chosen.

W ¼ c10 I1 � 3
� �

þ c01 I2 � 3
� �

þ 1
d
½J�1�2, (1)

where W is the strain energy density function, I1 and
I2 are the first and second invariants of the left
Cauchy–Green deformation tensor, J is the

determinant of the elastic deformation gradient, c10
and c01 are material parameters and d is the material
incompressibility parameter.

Experimental inflation tests of bile ducts have been
conducted in Lomonosov Moscow State University.
The experimental setup included a polymethylmetha-
crylate box, two rigid tubes, a pressure sensor, an air
compressor and a computer to perform bile duct
inflation tests. All experiments were performed at a
room temperature of 26 �C. Ethics committee
approval was obtained to perform experiments.
Sample displacement during inflation was recorded by
a camera. Then, the images were processed and
parameters of constitutive relation were found. Details
of the experiments are described in Appendix 1, sup-
plementary material.

Figure 2. (Continued).

1698 A. G. KUCHUMOV ET AL.

https://doi.org/10.1080/10255842.2021.1910942
https://doi.org/10.1080/10255842.2021.1910942


Figure 2. (Continued).
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Table 2 lists the Mooney–Rivlin constitutive
parameters obtained for the present bile duct.

2.3.2. Rheological properties of bile
Lithogenic bile samples were taken from patients at
Perm City Clinical Hospital No. 4 as approved by the
Hospital Ethics Committee. To determine the rheo-
logical characteristics of this biofluid, the Physica
MCR 501 (Anton Paar GMbH, Austria) rheometer
was adopted. Rheological tests were conducted at
37 �C. The bile was investigated within two to three
hours after taking it out from the patients.

The non-Newtonian behaviour of the bile has been
implemented by the Carreau model that relates the
viscosity, g, as a function of the shear strain rate, _c:

g ¼ g0�g1
1þ a _cð Þ2
� �k þ g1g (2)

where g0 is the viscosity at zero shear rate, g1 is the viscos-
ity at infinite shear rate, a is the time constant and k is the
power index (Table 3). In the case of the healthy bile
described as Newtonian fluid, the viscosity was taken equal
to 0.001Pa�s (Table 4) (Luo et al. 2004; Ooi et al. 2004). It
was mentioned that normal bile can be regarded as
Newtonian fluid (Rodkiewicz et al. 1979; Luo et al. 2004),
whereas the lithogenic bile exhibit strong non-Newtonian
behaviour (Coene et al. 1994; Kuchumov et al. 2014).
Normal bile composition gives a dynamical viscosity and
rheology close to water. Pathological state of bile is charac-
terized by the increased content of cholesterol, bile acids,
and the mucous substances, which give a major impact to
rheology changes. Recent study of lithogenic bile can be
found inMinh et al. (2019), where shear-thinning behavior
of all samples was revealed. Bile sediment was shown to
have has much greater viscosity and stretches more than
bile solution. Because mucus concentration makes bile
sediment more viscous than the solution, bile viscosity can

Table 2. Constitutive parameters of Mooney-Rivlin model.
c10 [kPa] c01 [kPa] d [Pa–1]

6.34 0.88 0.38

Table 3. Constitutive parameters of the non-Newtonian
(Carreau) model for lithogenic bile.
g0[mPa�s] g1[mPa�s] a k

62.5 4.5 0.033 0.56

Table 4. Constitutive parameters of the Newtonian model for
healthy bile (Luo et al. 2004; Ooi et al. 2004).
g [mPa�s] q [kg/m3]
1 1020

Figure 3. Boundary conditions: (a) fluid mesh; (b) solid mesh.
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increase sharply, thereby increasing risks of such diseases
as gallstones and sludge build-up in the biliary system.

2.4. Governing equations

The mass and momentum conservation equations for
an incompressible fluid can be expressed as

r � u ¼ 0, (3)

qf
@u
@t

þ u� ugð Þ � r
� �

u

� �
¼ �rpþr � s, (4)

where qf is the fluid density, p is the pressure, u is the
fluid velocity vector and ug is the moving coordinate
velocity. In the arbitrary Lagrangian-Eulerian (ALE)
formulation, (u�ug) is the relative velocity of the fluid
with respect to the moving coordinate velocity. Here, s
is the deviatoric shear stress tensor. This tensor is
related to the velocity through the strain rate tensor; in
the Cartesian coordinates it can be represented as

sij ¼ g
@vi
@xj

þ @vj
@xi

 !
, (5)

where xj is the jth spatial coordinate, vi is the fluid
velocity in the direction of axis i, sij is the jth compo-
nent of the stress acting on the faces of the fluid
element perpendicular to the axis .

The momentum conservation equation for the
solid body can be written as

r � rs ¼ qs _ug , (6)

where qs, rs and _ug are density, stress tensor and local
acceleration of the solid, respectively.

It is known that blood vessels can be described as
hyperelastic materials (Holzapfel et al. 2000; Vassilevski
et al. 2015; Amabili et al. 2020). Because of a similar
anatomical composition, the bile ducts can also be con-
sidered as hyperelastic materials. For hyperelastic mate-
rials, the stress–strain relation is written as

rs ¼ @W
@e

, (7)

where e is the strain tensor and W is the strain energy
density function. The Mooney–Rivlin hyperelastic
potential is shown in Equation (1).

The FSI interface should satisfy the follow-
ing conditions:

1. The displacements of the fluid and solid domain
should be compatible, that is, ds ¼ df

2. The tractions at this boundary must be at equilib-
rium, that is, rs � n̂s ¼ rf � n̂f :

3. The no-slip condition for the fluid should sat-
isfy us ¼ uf :

In the above conditions, d, r and n̂ are displacement,
stress tensor and boundary normal, respectively. The sub-
scripts f and s indicate a property of the fluid and solid.

2.5. Boundary conditions

2.5.1. Solid domain
As shown in Figure 3, the edges of the extrahepatic bil-
iary tree were constrained by specifying zero displace-
ments in all directions and prohibiting the rotation
about all axes (boundary condition type: fixed support).

2.5.2. Fluid domain
All bile flow cases were examined at the same bound-
ary conditions. Only the gallbladder emptying phase
is presented in the paper. Nevertheless, the proposed
model enables to simulate the gallbladder refilling
phase also. During the gallbladder emptying, the bile
flows out from the gallbladder and the liver at the
same time. The gallbladder emptying model as modi-
fied Windkessel model was proposed by Li et al.
(2008b) and adopted here. Also, it can be noted that
the gallstones were not modelled directly; instead, the
cystic duct lumen decrease was modelled to simulate
the stone presence. The laminar flow was noticed. In
addition, as the average time to empty a gallbladder
with a mean volume of 35ml of bile is about 30min
according to Dodds et al. (1989) and Al-Atabi et al.
(2012) data, this study also assumes that the flow is
laminar and that it is sufficiently slow changing to
consider that steady state conditions prevail.

The dimensionless Reynolds number is used to
determine fluid flow state. Reynolds number (Re) is
defined as:

Re ¼ qvD
l

, (8)

where q is the fluid density, v is the velocity of fluid
flow, D is the inner diameter of the tube, and l is the
dynamic viscosity.

During computations it was revealed that Reynolds
numbers do not exceed value of 40, which corre-
sponds to data of Ooi et al. (2004) and Luo et al.
(2007), so the bile flow in the biliary system may be
considered as the laminar. The Reynolds number dis-
tribution for 1-way and 2-way FSI at time t¼ 3min is
presented in Appendix 4, supplementary material.
According to computations, at this time period
Reynolds numbers have the maximal value.

Following the work of Howard et al. (Howard et
al. 1991), who measured the mean flow rate of the
bile from the liver (2.0–3.0ml/min) after a meal, the
flow rate, Q, is calculated accordingly:

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING 1701
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Q ¼
ð
S

vdS, (9)
where v is velocity and S is the cross-sectional area,
which can be evaluated for the given patient-specific
model. The velocity was obtained from this equation.

Figure 4. Time step dependency test results: (a) pressure, (b) maximal velocity, (c) wall shear stress.
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Figure 5. Velocity distributions along the streamlines at t¼ 20min: (I) (a) Newtonian (healthy) bile, (b) lithogenic bile, (c) chole-
cystectomy, (d) case of the stone presence in the cystic duct; (II) enlarged views of bile flow streamlines in case of d for patient
4 is shown, (III) Comparison between velocities in cases of 1-way and 2-way FSI.

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING 1703



Subsequently, the mean value of velocity of 3mm/s
was used as inlet 1 velocity. Pressure at the outlet was
taken equal to the pressure in the duodenum, that is,
0.96 kPa (Samarcev 2005). The pulsatile flow inlet and
pulsatile pressure outlet were not mentioned, because
only integrated characteristics for mean flow rate
from bile flow out the liver (Howard et al. 1991) and
pressure in the duodenum (Samarcev 2005) as an
intra-operational measurement were found in the lit-
erature. The model assumes to put pulsatile boundary
conditions at inlet 1 and outlet in case, if we know
patient-specific flow and pressure profiles depending
on time.

At inlet 2, the pressure profile corresponding to
pressure drop during the gallbladder emptying (Li et
al. 2008b) was set:

p tð Þ ¼ pd þ pe � pdð Þeðte�tÞ=RC, (10)

where p(t) is the pressure in the gallbladder, t is time,
te is the gallbladder emptying time, pd is the duodenal
pressure, pe is the pressure in the gallbladder with
minimal volume (emptying volume), R is the
hydraulic resistance, C is the gallbladder wall compli-
ance, V(t) is the gallbladder volume, and Ve is the
minimal gallbladder volume (emptying volume). The

technique of parameters estimation was described in
paper (Kuchumov et al. 2020).

Due to time-dependent boundary conditions and
time effects, which can arise during the bile flow in 1-
way and 2-way simulations, the transient analysis
was adopted.

2.6. Fluid–structure interaction simulation settings

For the FSI, the two solvers, ANSYS Mechanical and
ANSYS CFX, were coupled and solved iteratively. In
the one-way simulations, the full Newton method
with 2400 time iterations using a time step of
1 second was used within the fluid solver to capture
the gallbladder emptying time. A sparse matrix solver
based on Gaussian elimination was used for solving
the system. The fluid field is solved until the conver-
gence criteria were reached. The calculated forces at
the structure boundaries were then transferred to the
structure side. The structure side was calculated until
the convergence criterion was reached: a relative
change of 10�4 in the norm of all field variables. The
solution was finished when the maximum number of
time steps was reached.

Figure 5. (Continued).
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Two-way FSI algorithm adopted in ANSYS
Workbench 19.0 assumed that structural and fluid
equations were assembled and solved simultaneously
until equilibrium is reached. Physics were coupled by
passing loads across fluid-structure interfaces.
Transfer from CFD to FEA was using the forces on
structure surfaces and backward transfer from FEA to
CFD was by displacements of solid structures. The
advantage of such approach is that it is necessary to
solve each physics in serial or in parallel mode and
there is no need to fully converge each intermediate
solution. Momentum and mass were chosen as the
convergence criteria in case of fluid flow. The conver-
gence criteria were set 10�4 for all the variables.

Another parameter that can affect the convergence
is the time step size. Changing the time step size for
an already-well-converged system needs an appropri-
ate changing in the scale factor in order to reach opti-
mized convergence again. Time step size 1 s was
applied to cover total time of simulation, which was
taken as 2400s. However, time step sizes 0.5 s, 2 s and
4 s were tested as well in order to get satisfactory rate
of convergence. Figure 4 presents the results of time
step dependency step analysis for pressure, velocity,
and wall shear stress distributions.

Several factors have an influence on the gallbladder
emptying rate. An analysis investigated the correlation
of maximum % gall bladder volume change between
t¼ 5 and t¼ 65min with fat, protein and volume
characteristics of the test products and also CCK was
performed (Marciani et al. 2013). So, we took 2400s
to cover the main processes occurring during the gall-
bladder emptying. In case of clinical application, the
emptying phase simulation time can be changed for
each patient based on CCK tests. The model considers
it. The middle of simulation time was chosen to visu-
alize the results.

3. Results

3.1. Velocity distributions

Velocity distributions during the gallbladder emptying
at t¼ 20min is shown in Figure 5. It should be
noticed that an increase of maximal bile flow veloc-
ities for all patients occurs in a cystic duct with a
stenosis due to stone presence. 1-way FSI reveals the
swirls in the cystic duct throughout the emptying
phase. It is especially pronounced in the patient 4
case. 2-way FSI approach shows more uniform bile

Figure 5. (Continued).
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Figure 6. Pressure distributions at t¼ 20min: (I) – (a) Newtonian (healthy) bile, (b) lithogenic bile, (c) cholecystectomy, (d) case
of the stone presence in the cystic duct. (II) Comparison between pressure distributions in cases of 1-way and 2-way FSI.
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flow in a cystic duct and close to laminar, which is
confirmed by papers (Rodkiewicz and Otto 1979; Al-
Atabi et al. 2010). The difference between algorithms
is distinctly seen at patient 4 model (Figure 5);
enlarged view is also shown in Figure 5.

Figure 5 includes also plots of comparison between
velocities as a result of 1-way and 2-way FSI simulations.
2-way FSI provides lower magnitudes compared to 1-
way FSI. 1-way FSI demonstrates distinguished peak,
which is related with exponent-like boundary condition.
Also, one can see the difference between velocity values
in cases of different patient-specific geometries. For
example, for healthy bile flow case, the maximal veloc-
ities are around 6, 3, 5, and 17mm/s. It can be noticed
that in case of stone presence maximal velocities are
observed because of acceleration after stenosis region.

3.2. Pressure distributions

The pressure distribution for lithogenic and healthy
bile flow is shown in Figure 6. The pressure in the
common bile duct in all patients approximately equal
to 1 kPa, which corresponds to known medical data

(Samarcev 2005; Kuchumov 2016). The changes in
bile viscosity and gallbladder presence play a great
role in pressure distribution in bile ducts. From a
mechanical point of view, the biliary system can be
considered to be a pump-pipe system, where the gall-
bladder provides the driving pressure, and the flow
rate of the bile going through the ducts depends on
the resistance as well as the pressure drop between
the gallbladder and the downstream end of the com-
mon bile duct. In this sense, gallbladder motor func-
tion is closely related to the pressure drop, flow rate
and the flow resistance in the biliary system (Luo et
al. 2007).

The motor functions of the gallbladder and biliary
tract are closely integrated with the rest of the digest-
ive system by neurohormonal mechanisms that
include the vagus and splanchnic nerves and various
hormones among them cholecystokinin (CCK). The
gallbladder contracting and discharging bile into the
duodenum during fasting and digestive periods is
controlled by CCK release (Çerçi et al. 2009).

The entry of bile distends the gallbladder by pas-
sive and active mechanisms. Adrenergic and

Figure 6. (Continued).
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noncholinergic nonadrenergic nerves mediate the
active relaxation or accommodation of the gallbladder
that is gradually induced by the incoming bile (Behar
2013). Gallbladder function may be an important pre-
dictor of outcome from either cholecystectomy or
watchful waiting, because the symptoms traditionally
are believed to arise from gallbladder contraction
(Larsen and Qvist 2007).

Moreover, it should be noticed that gallbladder
absence due to cholecystectomy may lead to different
pressure-related complications: sphincter of Oddi dis-
orders (Tanaka et al. 1984), dilatation of the common
bile duct (Lv et al. 2015), post-cholecystectomy syn-
drome (Benias et al. 2018).

The plots of comparison between pressure distribu-
tion in cases of 1-way FSI and 2-way FSI is shown in
Figure 6.

The lithogenic bile case shows that pressure val-
ues are higher in the case of healthy bile flow
because of bile viscosity increase in the case of
pathology. The stone presence leads to an increase
in pressure values in the extrahepatic biliary tree,
which is approved by medical evidence in the paper
(Csendes et al. 1979).

3.3. Wall shear stress distributions

WSS distributions for bile flow cases are shown in
Figure 7. It is known that high velocity regions cor-
respond to increased wall shear stress magnitudes
(Oliveira et al. 2019; Yevtushenko et al. 2019).
Elevated wall shear stress are observed in the com-
mon hepatic duct and common bile duct areas.

Normal physiologic levels of WSS within arteries range
from 1 to 7Pa in vivo, whereas WSS in veins is lower and
ranges from 0.1 to 0.6 Pa (Malek et al. 1999). In the case
of bile flow, it was shown that WSS changes from 0 to
1.15Pa. In the case of blood flow, WSS may play a role in
the pathogenesis of aneurysmal disease and atheroscler-
osis development. It is known that lower WSS promotes
atherosclerotic plaque development (Samady et al. 2011).
In healthy bile flow, the WSS distribution is more inten-
sive compared with the cases where gallstones are present
and the bile flow in the extrahepatic biliary tree after
cholecystectomy. Influence of bile viscosity onWSS distri-
bution pattern is closely related to the biliary tree geom-
etry. It is also found that the peak value of WSS increases
with the increase of bile viscosity, which corresponds with
the data obtained for the blood (Wang and Li 2011).

Figure 6. (Continued).
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Figure 7. Wall shear stress distribution at t¼ 20min: (a) Newtonian (healthy) bile, (b) lithogenic bile, (c) cholecystectomy, (d) case
of the stone presence in the cystic duct.
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Figure 8. Comparison of results for one-way and two-way couplings, von Mises stress: distribution at t¼ 20min: (a) Newtonian
(healthy) bile, (b) lithogenic bile, (c) cholecystectomy, (d) case of the stone presence in the cystic duct; also maximal values of
von Mises stress in biliary system of patients.
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3.4. Von Mises stress distributions

Analysis of distribution characteristics for von Mises
Stress is shown in Figure 8. Von Mises Stress distri-
bution slightly differ from the geometry features.
Nevertheless, the maximal values of von Mises stress
are mostly located in the common bile duct region. It
should be noticed that von Mises stress level is much
lower compared to blood vessels (Ahmed et al. 2007).
Also, it should be noticed that difference of maximal
values for various geometries varies from 4.85 to
24 kPa. The cholecystectomy operation does not have
an impact on the decreasing of the level of von Mises
stress. 1-way and 2-way approaches give approxi-
mately the same results here. Nevertheless, 2-way FSI
provides the lower magnitudes compared to 1-way
FSI. The difference between 1-way and 2-way FSI
maximal values of von Mises stress is less than 2%.

4. Discussion

We performed FSI simulation of bile flow in a
patient-specific biliary tree, imposing physiological
boundary conditions. This model allows us to predict
choledynamics of clinical interest in real extrahepatic
bile ducts geometry.

In the future, this approach can be used as part of
the decision-making support tool in surgery to predict
cholecystectomy results.

4.1. Viscosity influence

This is the first study of complex flow in the extrahe-
patic biliary tree using patient-specific approach.
Earlier, only T-tube 1-D approximation was published
in Li et al. (2007, 2008a). It was shown there that the
3-D model was more precise than the 1-D model.
The comparison between 1-D and 3-D FSI models
could be also found in paper (Reymond et al. 2012).
The changes of rheological properties led to various
flow patterns in the ducts (Kuchumov et al. 2014).
The numerical modelling here showed that the differ-
ence between bile flow velocities in the healthy state
and pathology was not significant. These results were
confirmed by paper (Li et al. 2008a), where compari-
son between Newtonian and non-Newtonian flow in
the cystic duct was performed. Nevertheless, there
was a difference between pressures in the gallbladder
neck area, which was partly confirmed in papers
(Body et al. 1996; Samarcev 2005).

4.2. Individual geometry influence

There were no complete data with a complex biliary
system to compare with. Nevertheless, there is only
one paper devoted to patient-specific modelling in the
cystic duct (Al-Atabi et al. 2012). In the present
study, we examined 15 patient-specific geometries of
various patients in total (4 of which are presented in
this paper). The length and thickness of the biliary
tree segments were shown to have a serious influence

Figure 8. (Continued).
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on flow patterns. It should be noticed that authors in
previous papers highlighted the geometry modifica-
tions that are very important for bile flow (Bird et al.
2006; Agarwal et al. 2012b). The maximal bile velocity
and pressure drop depend mainly on the cystic duct
curvature and common bile duct radius. The obtained
results for bile flow velocity were compared with the
results for a patient-specific bile flow in the cystic
duct (Al-Atabi et al. 2012). It can be seen that the
flow patterns are the same (the maximal velocity
peaks and small vortices can be highlighted).
Nevertheless, the values differ. This is because of the
different values of boundary conditions applied.

4.3. Wall shear stress

Wall shear stress is one of the most important
haemodynamic parameters. There is a great number
of papers studying the link between WSS and plaque
formation and development (Kwak et al. 2014; Brown
et al. 2016; Thondapu et al. 2017). Nevertheless, WSS
values for bile duct are still not well studied. The dif-
ference between WSS can be explained by the geo-
metrical features of patient-specific models. It should
be noticed that WSS values in the bile duct are much
lower than of blood vessels (Hoque et al. 2020),
namely 1.15 [Pa] versus 7 [Pa] (Malek et al. 1999). It
is related with velocities values difference. Maximal
WSS can be observed in the common bile duct, which
corresponds to the data obtained by Maiti and Misra
(2011) and Baghaei et al. (2021). The main challenge
is the relationship between WSS and biliary tract
pathologies. This paper can be considered as a first
step in this direction, but the problem is that we still
cannot interpret much of the results. The criteria
choice for WSS value in a healthy state and pathology
is still a puzzle for the researchers. Recently, a con-
nection between WSS and plastic stent clogging dur-
ing bile flow was numerically revealed (Kuchumov et
al. 2019). In this study, we have shown that elevated
values of WSS are observed after cholecystectomy. In
the future, WSS in the bile duct can be used as the
predictor of gallstone formation and development
because of low values, which similar to atherosclerosis
formation predictor in the blood vessels (Yevtushenko
et al. 2019). Nevertheless, we need more research for
numerical value criteria assessment.

4.4. Computational time

The estimated time for conducting 1-way and 2-way
coupling numerical simulation of gallbladder

emptying was evaluated. It should be noticed that the
estimated time of 1-way and 2-way FSI numerical
simulation differ by 2 or even 3 times, which corre-
sponds to data published by Benra et al. (2011).

However, it is necessary to notice that the esti-
mated time depends on the technical characteristics
of computer technology and the geometric features of
the models, which in turn may require a fairly accur-
ate grid model. In this work, HP Pavilion 15-n214sr
8GB computing technology of 2.1GHz RAM
was used.

4.5. Validation study

Realistic bile flow simulations require corresponding
validations against choledynamics. Because there was
no available data on bile flow in these geometries, we
had to compromise the validation and compare with
previous simulation researches known from literature.
Despite the difference between the patient-specific
geometries, the present simulation results of bile flow
model were compared qualitatively with the numerical
results of Al-Atabi et al. (2012). Figure 9(a,b) shows
the comparison between streamlines in cystic duct
during the gallbladder emptying for both studies. It is
seen that the present simulation results have the same
trend as the earlier results of Al-Atabi et al. (2012).
For both studies, the peak of velocity occurs near the
cystic duct enter to common hepatic duct. As can be
seen, the velocity distributions in the cystic duct are
good correlate with each other. It should be noticed
that the results have good quantative and qualitive
agreement despite difference in the geometry and
boundary conditions. It should be emphasized that
the present simulations utilized a realistic model of
the extra-hepatic biliary tree, while Al-Atabi et al.
(2012) used a simplified limited model of the cystic
duct that could cause some of the deviation seen.

Moreover, we performed comparison between the
variations of pressure difference across the cystic duct
for limited model of cystic duct and cystic duct of Al-
Atabi et al. (2012) for flow rates of 1, 5, and 10ml/
min. Figure 9(c) shows this comparison. This pressure
drop represents the difference between the pressure in
the gallbladder and that at the exit of the cystic duct
and it is the driving force for emptying the gallblad-
der. Under physiological conditions, the human bile
viscosity, can vary from 1 to roughly 10mPa s.
Therefore, three values (1, 5 and 10mPa�s) were used
to estimate the pressure difference, DP across the cys-
tic ducts for various flow rates, Q. The present simu-
lation, however, shows much lower peak pressure
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drop. It can be explained by difference in patient-spe-
cific geometry. Additionally, It should be noticed that
previous research adopted CFD approach, while the
present study utilizes 2-way FSI technique.

4.6. Comparison of 1-way and 2-way simulations
in biliary system modelling

As it can be seen, the computational time cost at 1-
way FSI significantly differs from 2-way FSI computa-
tional time in 2 or more times. These differences are
related with geometrical features of models and mech-
anical properties of domains.

Comparing 1-way and 2-way FSI approaches by
resulting bile flow pressure and velocities, the

difference between algorithms is minimal. The wall
shear stress distributions are also identical. Thus, if it
is necessary to evaluate the bile flow dynamics in
urgent medical situations, 1-way analysis
is acceptable.

However, if it is necessary to perform an accurate
FEA analysis and evaluate von Mises stress or dis-
placements, etc.) (for example, in case of biliary ducts
stenting), it is worth to adopt 2-way FSI (Chandra et
al. 2013). Due to complex experimental and clinical
in vivo measurements, a precise numerical method
for bio-fluid flow description is necessary. The
adopted 2-way FSI algorithm is more accurate in
comparison with 1-way FSI. It is obvious in the cases
with finite deformation and large deflection problems,

Figure 9. Comparison between streamlines in the cystic duct in the work of (Al-Atabi et al. 2012) (a) and the present study (b).
Pressure difference across the cystic duct: comparison of the present FSI solution with the numerical results of (Al-Atabi et al.
2012) (c).
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where the structural response due to fluid flow effect
is clearly seen. Moreover, 1-way FSI approach adop-
tion results in data loss during load and data transfer
between analyses (Benra et al. 2011).

In case of bile flow, where the fluid flow does not
lead to large deflections, 1-way application can be
possible in case of urgent analysis of current medical
situation. In case, when the surgeon has a time to
evaluate the circumstances of surgical intervention, it
is possible to take into account 2-way FSI approach.

Therefore, we can use one-way or two-way FSI
techniques based on the considered case depending
upon the importance and case sensitivity.

4.7. Clinical applications

The development of non-invasive diagnostic and
numerical methods in the contemporary surgery
allows to estimate the biomechanical processes in the
human body. This circumstance increases the possi-
bility of their use to improve existing and developing
new personalized methods for diagnosing and predict-
ing treatment. In particular, there is a growing need
for the applications in the biliary system surgery.

It is known that gallbladder surgery leads to 15%
of postoperative complications (Radunovic et al. 2016;
Taki-Eldin and Badawy 2018). One of the reasons is
the use of subjective experience and the lack of indi-
vidualized biomechanical models for the analysis of
surgical interventions.

To predict and prevent postoperative complica-
tions, it is necessary to formulate and introduce new
technological approaches, which, in particular, may
consist in creating a software product (decision-mak-
ing system in surgical interventions for gallstone dis-
ease and its complications). A proposed model of the
biliary system makes it possible to assess choledynam-
ics in normal and pathological conditions, as well as
to carry out a numerical assessment of bile flow after
surgery (removal of the gallbladder) to predict and
prevent complications. The results of this study are
realized in the decision-making software developed in
Perm National Research Polytechnic University. The
software enables to evaluate the mean flow rate after
cholecystectomy and common bile duct dilatation.
These parameters can tell about efficiency of the oper-
ation. So, using the results of this paper, the surgeon
can evaluate the circumstances of the cholecystectomy
for the each patient before operation and evaluate the
results of post-operative bile flow features. The details
of the developed software and its application in

comparison with clinical cases can be found in
Appendix 3.

5. Conclusions

The effect of bile pathology on the velocity and pres-
sure distributions in the patient-specific extrahepatic
biliary tree was investigated using a one-way FSI and
2-way FSI approaches. Comparisons were made for
healthy and lithogenic bile in terms of fluid flow,
WSS, pressure, von Mises stress. While no significant
differences for velocities between the healthy bile and
lithogenic bile cases were present, there was a clear
difference when the pressure distribution was com-
pared. Lower values of pressure in the extrahepatic
biliary tree in the case of the healthy bile were related
to the difference in the rheological properties (the
lithogenic bile was more viscous than the healthy
bile). WSS distributions were also analysed. It was
shown that a more intensive WSS could be seen in
the case of healthy bile flow; in pathological cases,
lower WSS values were observed. Thus, bile rheology
and geometry changes play an important role in the
gallbladder disease progression. Moreover, cholecyst-
ectomy changes in the bile flow and stress distribu-
tions were found. Using a patient-specific model, we
numerically showed that velocities and WSS distribu-
tions became lower, whereas pressure distributions
became higher compared with the healthy state.
Therefore, the proposed model could be applied to
medical practice to evaluate the circumstances of sur-
gical interventions.
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